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Chesler and Maydan have described a modulation technique called “Cavity

Dumping” which has been used to obtain high PRF operation from a continuously

pumped YAG: Nd~
3 laser9’10. This technique is a form of coupling modulation

wherein the output coupling is varied from zero to some minimum value rather

than modulating around a quiescent coupling level. For cavity dumped (here-

after referred to as CD) modulation, no energy exits the cavity except during

the time the coupling reflectance is a minimum. As with the Curs and Muller

technique, cavity photon density is not allowed to decay into the spontaneous

emission noise level at the end of each pulse.

To maintain a constant power efficiency, CD operation requires that the

amount of circulating energy coupled out of the cavity during each pulse in-

crease with decreasing PRF. Eventually a limiting PRF is reached at which the

circulating photon density is just above the spontaneous emission noise level

at the end of the coupling time period. Further reduction in PRF results in

the photon density decaying into noise and the cessation of CD ope ration. It

has been postulated that CD operation below the limiting PRF is possible by

adjusting the output coupling to maintain the photon density above noise. Com-

puter simulation of CD operation by the authors has further confirmed this

postulate. However , CD modulation below the limiting PRF produces an effi-

ciency which rapidly drops with decreasing PRF.

As early as 1961, A. A. Vuylsteke pointed out a method of operating a

Q-.Switchea laser Imown as the Pulse Transmission Mode (hereafter referred to

as PTM)11. This technique also falls into the generic class of coupling modu-

lation, it differs from CD operation in that the coherent photon density de-

cays into noise at the end of each pulse. However, the output coupling follows

the CD format . Although originally directed toward single pulse operation
,5
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this technique is readily adaptable to the generation of high PRF pulse

trains.

Under conditions of CW pumping, PTh operation exhibits a gradual de-

crease in efficiency when the int erpulse period increases beyond the fluore-

scent decay time constant r • This behavior is governed by the same physical

constraints observed in conventional pulsed reflection mode operation3. For

PRF ’s below 1/ , efficiency can be maintained only if short duration pulse

pumping techniques, using a pulse duration less than ,-
, are employed. As the

PRF increases, an upper limiting frequency is reached when the time required

for the photon density to build up from the noise level and attain its maximum

value is on the order of an interpulse time period ; PTM operation, as defined

by Vuylsteke , cannot be maintained at frequencies above this limiting PRF.

b. Extended PTM Operation

CD and PTM modulation techniques, when applied to a particular laser,

each cover a limited PRF range which is dependent principally on the active

laser medium employed and the pump excitation level. PTM operation efficiently

produces sequential pulses from a minimum frequency, determined by t and the

type of pump excitation employed, to an upper limit I4JPTM. Efficient CD opera-

tion begins at a minimum frequency v1/CD and extends to some maximum PRF which

is normally limited by the modulation device • In general, p
1/CD >“,~/PTM,

so that a range of frequencies exists where efficient operation cannot be pro—

*vided by either the F2M or CD mode.

* Pulsed reflection mode11 has an upper frequency limit which is somewhat less

than the ?~M limit. Thus, pulsed reflection mode modulation cannot be used

to generate PRF’s between v
1/CD and ‘~

‘PTM.

6 
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Figure 1 illustrates the temporal variation in outpu t  coupling reflec-

tance which is characteristic of PTM and CD operation. Effective reflectivity

varies from its maximum value of 100 percent during the high Q time period to

a minimum low Q value of R0. We assume a fixed Q transition time for the modu-

lator, t1, and (t
3 

— t2), but allow the low Q period (t
4 

— t
3

) and the depth

of modulation R0 to vary as a function of PRF (l/t4
). We proceed to define a

coupling function as

= J [i - R0 ( t )]  dt ( 1)

which is a measure of the output coupling capacity of the modulator during a

single cycle.

Constant amplitude sequential pulse operation (at a fixed pump level)

requires that the time variation of inversion in the active laser medium and

circulating photon density be identically reproduced from pulse to pulse. In

the case of PTM operation, this is rather easy to accomplish since the photon

density is in the spontaneous emission noise level at the beginning of the

pulse build—up time (end of the low Q t ime period) and this noise level is

a direct function of inversion. It is thus possible to select a value of in-

version at the start of the pulse tra in which will produce amplitude equii—

brium immcdiately. On the other hand , steady state CD operation maintains the

photon density above the noise level at all t imes. Consequently, CD amplitude

stability cannot be obtained with the first pulse of the sequence (which must

obviously build from the spontaneous noise level) but requires multiple pulses

to achieve equilibrium.

7
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PTM and Cl) operation can be accomplished using the same physical re-

sonant cavity design. Operation differs only in the range of PRF ’s covered by

each modulation technique and the applicable value of the coupling function

1c ’ Using a slightly modified form of the computational approach outlined in

reference3, a computer program has been implemented to study multiple pulse

operation using the modulation format in figure 1. With this program, the

characteristics of sequential pulse trains can be obtained as a function of

resonator parameters and initial inversion level.

Computations obtained using YAG: Nd~
3 and CaLa SOAP: Nd~

3 as the active
*laser medium initially confirmed that a mode of operation exists which bridges

the PRF gap between ~1/PTM and V /CD without sacrificing efficiency. We re-

fer to this mode of operation as “Extended PTM.” In the Extended PTM mode,

photon density decays into the spontaneous emission noise level at the end of

each pulse. Stable sequential pulse operation thus requires that the inver’.-

sion be reproduced identically for each cycle. In order to accomplish this,

it is necessary to maintain a balance between the peak inversion and the peak

• circulating photon density during each cycle. Whereas for PTM operation the

photon density is allowed to build up, unrestricted by the modulator, until it

reaches a peak value consistent with cavity losses and peak inversion, Ex-

tended PTM operat ion switches or “dumps” , energy out of the cavity before this

natural peak can occur.

* 

CaLa SOAP: Nd~
3 is a laser material developed at the Westinghouse Research

Laboratories which exhibits an energy storage per unit gain approximately

5 x greater than YAG: Nd~
3.

9
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• Each value of PRF requires a unique value of peak inversion at t
4

(Figure 1) and photon density at t
2 

in order to maintain pulse amplitude

• stability. Figure 2 illustrates a typical variation in peak photon density

with PRF as obtained for a pulse pumped CaLa SOAP: Nd~
3 laser.* Figure 3

shows the associated dependence of peak inversion during each cycle on PRF

while figure 4 gives the difference between the maximum and minimum inversion.

As PRF increases, the percentage variation in inversion is drastically re-

duced due to a decreased peak photon density. Inversion remains at a rea-

sonably high level, however, to ensure that the photon density can build

sufficiently from noise to achieve the required peak value at t 2 .

At PRF’s just above ~1/FTM, 
the time during which the photon density re-

mains in noise, (t
4 

— t
3
) is just slightly less than the interpulse period. As

PRF increases, (t
4 

— t
3
) decreases until a point is reached where is suffi-

ciently small that the time spent in the noise level approaches zero. Effi-

cient operation above this point requires a further reduction in and the

photon level never decays into noise. Figure 5 illustrates the variation in

as a function of PRF obtained using the CaLa SOAP: Nd~
3 example. Referr—

ing to figure 2, we find that for PRF ’s below 300 KHZ Extended V~M operation

blends into PTM operations as defined by Vuylsteke; above approximately 5 MHz,

the transition to CD operation occurs.

* Pumping is accomplished using a square pump pulse 100)15cc long and containing

7 .3  j oules of energy .

10 
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Data was obtained to compare efficiency of a CaLa SOAP: Nd~
3 laser

operating below I’
1/CD 

in both the CD and Extended V~M modes. Energy per pulse

as a function of PRF for PTM, Extended PTM and CD operation is illustrated in

figure 6. From the preceding discussion and the data in figure 6, it becomes

obvious that PTM, “Extended” PTM, and CD modulation can be employed using a

common cavity configuration (See Section 11.2) and modulation format to pro-

vide efficient sequential pulse emission over an extremely wide range of PRF ’s.

Of further importance is the fact that the temporal width of each emitted

pulse is essentially independent of PRF and is of the same order of magnitude

as the coupling transition time [t1 or (t3 
— t 2

) in figure 1]

2. RESONATOR CONFIGURATION

The basic Cavity Dump—PTM laser resonator configuration, as illustrated

in figure 7, is comprised of two totally reflecting mirrors which form the high

Q resonant cavity, an active laser medium in the form of a cylindrical rod, a

polarization separator for resolving an unpolarized laser beam into two ortho-

gonally polarized components , and an electro—optical polarization modulator.

Efficient operation of a laser, in the presence of strong depolarization ef—

*fects in the active laser medium , necessitate3 the use of a modulation techni-

que which can operate simultaneously on two orthogonally polarized beams. This

requirement is satisfied by the combination of the polarization separator

(element B) and the E/O polarization modulator (element QS) shown in figure 7.

* Depolarization is produced by thermo—optic distortion in the laser rod.

15 
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Element B consists of an optically birefringent material such as cal-

cite; when properly oriented and positioned in a randomly polarized light beam ,

it will cause separation of an incident beam into two orthogonally polarized

components due to double refraction as shown in figure ~A. These components

are denoted as an ordinary ray, 0, and an extraordinary ray, E. Element B is

configured such that the 0 and E rays emerge as parallel components separated

by a distance D dependent upon the optical path length of this element, if

no change occurs in the 0 and E ray polarization, upon reflecting the beams

back through the element, they hiLl retrace their original paths and recor~-

• bine as they emerge to produce a rnndo~~L y polarized beam as shown in figure 8A.

Laser oscillation will occur for t t i L s  s ta te  ~eic~ ce~t ical feedback is allowed

along the laser rod axis. If each of th~ urtiiogciia l oL-rizution component.e

is rotated 90 degrees by the E1~U polari-zatioi~ modulator, .~S, a rior to rt ’ ~nterL.:

element B , the two rays will not retrac.  thH r or LI1d L patho and will .toL1 w

S 
the paths shown in figure ~B. Fhii is bc : a io t  the 93—degree rotation of peLari—

nat  Len results in the or.tgino 0 ray b e c . : - . .i n p  an E ray and the original E ray

becomin g an 0 ray. In th i s  stat , laser ~~~ io coupled f rom the resona t or

via two parallel beams which  a l t ’ di . rec tee  - : i n iL i c l  t.o the resonator axis Py

orLu P1, P2, and P
3 
of t igure 7.

The E/0 polarization modulator , c~y ,  consints  of two p ota soLur a dideute—

rium phosphate e l e c t r o— o r t i c  crystals with or Len ta t  ion as shown in figure 0.

ih e  axes shown in this figure art the a~ es ot  t h  index ellipsoid when ~~

electric field is app lied a ~~r t -h • Z ( i f  crystal opt ic ) axes .  The c ryst a L

orientated with tht ir P axe s t :nn v so to t h  pt i 1 v t t i  and ~ r~ ‘n d i —

cular to each o th er .  - s  an m e  i i n t ~ I i ,9~t b~~tn u. n - a r t y  1ar~ e d at ~5 1 —

f t - - s  to the Y ax ~ s of crvsts t I or t Ii X ax is  I t  c r-v ;t a l  I I and re rvi~~at  iii ’

~ 

_ _  _ _ _ _ _ _
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along the optical path shown, the following relationships characterize the

optical ithase retardation induced by the crystals when subjected to an elec-

tric field parallel to the Z axis. Resolving the inp.tt light polarization

into orthogonal components E
a and Eb parallel to the X and Y axes, respec-

tively, one finds that

4) = ~~~ (n ÷ n )  -t- a (2)
a z x

4) = ~~~~ (n + n )  + a  (3)
b A Z y

where 4)
a 
and 4)

b are the total phase changes for the component s Ea and Eb, re-

spectively, in traversing the crystals; 
~~~ ~~~ 

and n~ are the indexes of re—

fraction for light vibrating parallel to the X, Y, and Z axes , respectively;

Xis the free space wavelength of the incident light; L is the length of each

crystal along the opt ical path; and a is the phase change for each component,

Ea and Eb, in traversing the isotropic medium between the crystals. An un—

portant relationship in this analysis is the phase difference between the

emerging components which is given by

2,rL
= x y ~ 

(i~)

This difference determines the degree of polarization modulation impressed

upon a light beam traversing the crystals. When an electric modulating field

is applied parallel to the Z axes of the crystals, the values of the refrac-

tive indexes are given by

n = n + .~~nx 0—

n = n ~ 4ny 0

n = n = constan t
S z e

20
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Figure 9 Orientation of E/O Crystals in Element QS

where
r, n 3 E r n 3 V

- ~3 o  z _ 63 o zn - 2 - 2d

= change in index of refraction as a function ol’ applied

field

= ordinary index of refraction

= extraord inary index of refraction

r63 = electro—optic coefficient

= applied electric field

d = crystal thickness along Z axis

= = voltage applied parallel to Z axis of each crystal
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Substituting the above expression for n~ and n~ into equation 4 gives the

phase difference between the emerging components as

2wr n 3 LV6 3 o  Z (6)

With V~ = 0, .~4) = 0 and the original polarization is preserved. However ,

when voltage is applied to the crystals, an elliptically polarized wave

emerges from the modulator with the eccentricity and orientation of major and

minor axes dependent upon the magnitude of the applied voltage.

Of interest is the voltage necessary to produce a 90—degree rotation of

polarization of the incident light beam. This voltage is found by setting .~4)

equal to ~ radians and solving for V~. Solving equation 6 there is obtained

V
A1 

= 
A 

—~-— Volts (~~~~)

2r n 3
63 o

This voltage is known as the half—wave voltage since when applied it induces

a 180—degree phase difference between the emerging components, Ba and In

a double pass configuration, as would occur in the laser resonator, only the

quarter wave voltage, given by

VA/4 
= 

4r63 n0
3 L ‘ (8)

is required to achieve a 90—degree polarization rotation because the optical

phase retardation effect is cumulative. The principal advantage of this mode

of polarization modulation is that it makes possible a reduction in the value

of the switching voltage required (as compared to the fixed voltage require-

ments of a conventional E/O modulator), since with the two crystal transverse

22
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field geometry the voltage necessary to obtain a given E/O modulation is pro—

portional to the d/L ratio of the crystals.

3. E/O MODULATOR DRIVER

The E/O modulator used for the Cavity Dump-.-PTM laser uses Potassium

Dideuterium Phosphate (KD*P) crystals, each with a 10 mm square aperture and

measuring 19 mm long. Quarter wave ( A/4 ) phase retardation occurs at an

applied voltage of approximately 1700 volts. Figure 10 shows a schematic dia-

gram of the driver circuit , used in conjunction with the modulator cell, which

has been operated at PRF’s up to 1 MHz with rise and fall switching times on

the order of 5 and 10 nanoseconds r e sp e c t iv e l Y .

• Referring to figures 1 and 10, operation of the modulator driver can

be understood from the following discussion. At t 0, the outpit coupling S

reflectiirty for the resonant cavity is at R .  This level is established by

applying a fixed bias voltage (VB) across the E/0 modulator crystals (CL) with

tubes Vi and V2 biased off. The transition from to i0O~ coup ling r t t b c —

• tivity occurs when Vi is turned on for 5 nanoseconds by triggering avalanche

*transistor Qi and discharging PFN 1 into the grid of Vi. This causes plate

current to flow in Li which results in energy storage in this component. When

Vi. returns to the off state , the energy stored in Li is transferred to the

series combination of C3 and CL which by resonant charging, causes the voltage

at the plate of Vi to increase to approximately 2V. C3 is adjusted such that

the voltage of the plate of V2 is sufficient to produce a net voltage of zero

across CL. (Voltage on plate of V2 equals during high Q t ime). This state

* Pulse Forming Netwo rk.
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corresponds to the high—Q condition of the laser resonator. Cavity Q remains
high until time t2 at which point tube V2 is turned on for 5 nanoseconds by

triggering avalanche transistor Q2 and discharging PFN 2 into the grid cir’—

cuit. The voltage on C3 does not change when V2 is turned on because the re-

sonant charging voltage on C3 was sufficientlj high to maintain Dl in a re—

verse biased condition; however, the voltage across CL increases to return the

outpAt coupling reflectivity to R0 at time t3
. The Q—Switching cycle is re—

peated at t
4 
when Vl is once again activated. Diode D2 provides a low resis-

tance path for discharging C3 when Vl is turned on at the beginning of a cycle.

Combinations C2, Ti and C4, T2 provide plate—grid neutralization of Vi and V2

respectively. Ri suppresses ringing in Ll during resonant charging.

25 



SECTION III

EXPERIMENTAL PERFORI4ANCE EVALUATION

1. INSERfiON LOSS OF RESONANT CAVITY ELEMENTS

The insertion loss of resonant cavity optical elements is extremely

important for the Cavity Dwnp—.vrM laser system. Significant levels of loss

not only reduce overall system efficiency but can also produce average power

and pulse—to-~*ilse amplitude instabilities. As diagramed in figure 7, the

three major intracavity elements are the laser rod, calcite polarization sepa-

rator, and E/O modulator.

a. Laser Rod

*Aside from its noni~al loss coefficient, there are two principal loss

mechanisms of importance associated with the laser rod:

1. Scattering at the antireflection coated end faccs.

2. Internal refractive index variations produced by pump lamp and

coolant flow spatial instabiities.d

Although the absolute magnitude of the losses associated with the above two

mechanisms is normally low, and their resultant effect on overall efficiency

negligible, they can significantly influence operational stability for a high

order mode laser. There fore , the laser rod end fact~;, as well :i.; all other

optical surfaces within the r€ sonator through which the beam as~~~-~;~ have

S 

* —lNorma l loss coefficient, fi, for YAG: Nd has a typical value f .O0~cm

.6
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been specified for lowest possible scattering. Also special care was taken

in the design of the cooling configuration to prevent random fluctuations in 
S

the coolant flow pattern across both the rod and the pump lamp.

b. Calcite Polarization Separator S

The calcite polarization separator utilized for the Cavity Dump—F’TM

laser measures .6 x 1.8 cm , at each polished end face , by 5.14 cm long. Anti—

reflection coatings are applied to each face to minimize losses. Figure ii

illustrates the lasing efficiency obtained with and without the calcite polari—

zation separator in the resonant cavity; output coupling reflectivity was 9i~. 

Based on these data, a single pass loss of .75,~ (including reflection losses)

is calculated for this element . This result clearly illustrates that the intri-

nsic absorption loss in calcite, even for a path length of 5.4 cm, is quite

low at 1.06 micrometers.

c. E/O Modulator

The E/O modulator design incorporates -two 13K-.7 windows, antireflection

*coated at the glass—air interface, two KD P cyrstals each measuring 15 mm in

length, and a thin quart z spacer. Reflection losses are minimized by employ-

ing index matching liquid films between the various elements within the cell.

Initially it was intended to use Freon 214 as the index matching liqu id

in the E/O modulator cell. Prior testing of this liquid indicated an ex-

cellent index matching capability as well as extremely low absorption at 1.06

micrometers. The original samples of Freon 214 were obtained from LiuPont which

rio longer manufactures this product. During th present pro~ru~ , W y were un—

able to obtain sufficiently pure samples from secondary sources; as a ivsult ,

several possible replacement liquids wcru thvestigateci.

L —---- 5 - — - - -  - 
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Figure 12 illustrates the lasing efficiency obtained when samples of the

various test liquids were inserted in the resonant cavity. The liquid samples

were obtained by allowing capillary films to form between the uricoated faces

of two modulator cell windows placed in light contact with each other.

*Tests with Freon E.-3 , which is commonly employed as an index matching

fluid in E/0 Q—Switches for pulse pumped lasers, indicated that severe output S

power and mode instabilities could be expected when the average circulating

power density exceeded 3 kilowatts/cm2. The source of instability appears to

be temporal variations in the refractive index of the E.-3 due to absorption of

the 1.06 micrometer radiation. The results of figure 12 have been used to

calculate an effective single pass transmission loss of 2.5% f o r  the Window!

E—3/Window test sample.

**For the liquid group consisting of Coolanol 25, DCS5O, DC51O, and OS59 ,

experimental data fell within the band indicated in figure 12. Within this

band, single pass loss for all window—liquid—window combinations was calcu-

lated to be 1.3 to 1.5%. Of these four liquids, DC51O showed a somewhat lower

loss and in a capillary film did riot influence the stability of the oscillating

TEM~~ modes even at high circulating power levels; DC 510 was employed in the

final E/O modulator assembly.

* Freon E—3 is manufactured by E.I. DuPont

~~Coolana1 25 and 0S59 are manufactured by Monsanto; DC 510 and DC550 are
manufactured by Dow Corning.
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Figure 13 illustrates the progressive loss in lasing efficiency in—

curred as E/O modulator elements were added to the resonant cavity. As indi-

cated above , a capillary film of DC51O between two BK—? windows introduced a

single pass loss of 1.3%; addition of a thin fused quartz spacer (plus an addi-

tional film of DC51O) increased the single pass loss to 
~~; 

replacement of the

*
spacer element with a singie 15 mm long crysta~. of KB P changed the single

pass loss to approximately 5.3%.

Anal ysis of the  above da ta  i n d i c a t e d  t h a t  t h e  q u a r t z  s p ar er

was of poor op t ica l  quality . Et ficiencv obtaint- - 5 i with the KD *P crysta l

was particularly low and represented a s i n g l e  pass less Icr rh i s

*KB P crystal was particularly low and reDresented a sing.~c ~a~~: loss :-~-r t .h~~

single element of 4%. Although the KD P crystal utilized in Lii -~~~~i ici ~~

test was “i~uL~y ’ deuterated , the actual deuterat ion level wa c ~~~: • c ~~ 5 . : ir i c~

1.06 micrometer absorption is strongly dependent on ~1eu t e r at - i o n  1 vc i , t i i s c :

factor may well account- for the relatively low tr :~ ~~~~~~~ o~~~~~i” ’~. ~ -~ r-

the elements tested above emp loyed to const~’~ct an E/O mo~1uic~ o~’ as de5 cr - *t ~~i

at the beg~ ming of this section, the single pass Thss ror t-~ie medu] :it-~ r w~~ 1

be appro ximately 10%; this level of insertion loss is unacccptai.4c for  a 1 - .;

gain CW laser.

inse rt:or l loss measurements were also obtained ~~~~ an ar iU reflecLio~
*coated “fully” deuterated KB P crystal. Thia crystal measured I. 7~ cm in

KB P crystal obtained I r -  In INRA L)

-- —— ___-- —- -- — --5---- - - - S ~~~~~~~~~~~~~~ 5 S~~~~~~~~~~ • ___



-— ~~~~~• S

1
A No Intracavity Elements 

~1

B Two Win dows + DC 510 Film -

C Window + DC 510 Film + Spacer ,/
‘ 

~~/

+ DC 510 Film + Win dow - (A ~~~ 
,/ /-

D Wi ndo w + DC 5 10 Film + KD *P 5.7 S/ 

. - -

(Crystal I) + DC 510 Film - 
S 

,,
/  

,;
f I~+ Wind ow S -

2 0_ -
~~~~~~~~~~~~~

-
~~~~~~~~~~~

-—-

i // ~ 
-

10 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 7 - S

0 cc-
0 1000 1500 2000

INPUT POWE R — WATTS

Fi gu re 13 In se r t ion  Loss Da ta w it h 9~~% Coup].inq ~ef1o ctjvj t~~:
Modnl,-itoi Elemen t5 s

- - ___ __



length, was obtained from Isomet Corp. in 1971, and had an unlaiown deuteration

level. Experimental results are given in Figure 14. Data were recorded with

and without a metallic heat sink applied to the four crystal sides. Curves

A and B in Figure 14 were obtained using a 95% output reflector and appear to

manifest a gradual roll—off in efficiency as the input power increases. Single

pass crystal transmission was calculated from these curves and is plotted in

Figure 15. Power dependent losses are obviously decreased when the crystal

is coupled to a heat sink. In addition, the initial insertion loss (low S

power) of the Isomet crystal was lower than that of the INRAD (Figure 13) cry-

stal by an approximate factor of 2:1.

2. MODULATED LASER PERFORMANCE S

a. Modulated and Unmodulated Power Efficiency

Efficiency of the final resonator configuration is illustrated in

Figure 16. Modulator construction was as described in Section III.l.a; how—

ever, a different pair of KD*P crystals than those previously tested (see

Figure 13) were employed.* CW eff iciency was measured by biasing the E/O

modulator cell at a fixed voltage and maximizing the CW output at each input

power level. Modulated output power was measured at a PRF of 100 KHz and a

pulse amplitude fluctuation level of ±10% (See Section III.2.d).

From the data in Figure 16, the best recorded ratio of modulated to

unmodulated output power was approximately .85. This ratio fell off to a

minimum value of .75 as output power was increased. Since power was measured

* These crystals were also obtained from INR&I)

_  _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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at a constant pulse amplitude stability, and it was observed that mode

stability decreased with increasing output power, this performance is consis-

tent with expected behavior as discussed in Section III.2.d.

Extended PTM operation is important primarily because it offers a

technique to bridge the freq~iency gap between PTM and CD modulation without

sacrificing overall laser efficiency (See Section 11.1). Measurements were

made of average output power for PHF’s between 100 KHz and 1 MHz; pulse ampli-

tude stability was maintained at a constant level. Observation of pulse dy-

namics indicated that 100 KHz was the approximate transition point between

FTM and Extended P~M modulation. Extended I’TM modulation was required up to

and including 1 MHz. Over the 100 KHz to 1 MHz range, no frequency dependent

change in output power was recorded.

S 
b. Output Pulse Width

Output pulse width was recorded over the 100 KHz to 1 MHz PRF range

and at various levels of output power. Figure 17 is a photograph of the

S superposition of multiple output pulses as recorded on a Tektronix 585 oscillo-

scope; pulse amplitude stability is clearly shown. As expected, the temporal

shape of the output pulse was found to be essentially independent of PRF and

power level.

Prior to modulator driver construction, a computer simulation was

utilized to establish that a low Q coupling reflectivity (R0 in Figure 1) of

50% would provide satisfactory pulsed operation. This finding resulted in a

substantial decrease in modulator electronics complexity but its implementa-

tion increased the fall time of the laser output pulse. Even with this

modification, however, half intensity pulse width was approximately 40 nan o—

5econds.
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c. Pulse Formative Characteristics

Figure 18 illustrates laser pulse emission in relationship to the E/O

modulator switching waveform. Pulse formative time, defined as the time be-

tween t=o and t=t2 in Figure 1, slowly increased as the PRF varied from

100 KHz to 1 MHz but remained less than 1 microsecond f o r  typ ical operating

power levels.

Lasing intensity at the laser output is compared to the lasing intensity

internal to the resonator in Figure 19. The upper trace is the resonator in—

ternal intensity and shows the characteristic exponential buildup of the pho— S

ton density. Output pulse formation is shown in the lower trace; pulse rise

time is essentially established by the E/O modulator switching characteristics

while the fall time approximates an exponential cavity photon decay through

a 50% output coupling reflector.

Figure 20 illustrates the relationship between modulator switching

waveform arid pulse output as a function of PRF; average output power was

3.0 watts. From these data the modulator duty cycle, defined as the ratio

of high Q dwell time to total PRF period, was calculated. Duty cycle as a

ftiriction of PRF is plotted in Figure 21.

d. Pulse Amplitude Stability

For simplicity, the rate equation analysis used to generate the pre—

lirninary data on Extended PI’M operation (as presented in Section 11.1) ignored

the contribution of spatially varying gain and loss, across the laser rod

aperture, to operational stability. Such a spatial dependence ari~~~; naturally

from non—uniform pumping of the rod and from laser radiation field variations

associated with the osc illating TEM
nm modes. Pulse to pulse amplitude sta-

bility for Extended V~M ope ration depends primarily on the ability to repro-

duce a given level of inversion (at  a fixed PRF ) when the cavity ~ i~ switched



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

___________________________________________________
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from minimum to maximum at the beginning of each pulse formative cycle (t1 in

Figure 1). Gain level, in turn, is determined by pimp rate, cavity losses,

and the magnitude of p~ioton flux at the time the laser pulse is switched out

of the resonant cavity (t
2 
in Figure 1). Strictly speaking, constant amplitude

pulses occur only if all of the above factors remain invariant at a given PRY.

For a CW laser of the type employed for the Cavity Dump—PrM program,

the oscillating ~~~~~ modes exhibit a certain degree of spatial cross—coupling

(ie, the laser energy extracted from any particular mode is influenced by the

lasing characteristics of adjacent TEMnm modes). This cross—coupling is en-

hanced for the resonator geometry in Figure 7 by virtue of the fact that pump

induced thermal lensing in the laser pod produces a spatial mixing of circu-

lating radiation.

At a given PRY the low Q time period (t 4—t 3
) in Figure 1 was adjusted

until output waveforms as shown in Figure 17 were obtained. This waveshape

was a compromise between average output power and pulse amplitude stability.

At this opt imum poirLt , assume (t
4 

— t 3
) = ~~~ and that the average pulsed

power output , p0, is less than the unmodulated CW output power 
~~~~ 

If ’

(t
4 

— t
3
) is adjusted to be less than ~~~ pulse amplitude stability improves

somewhat but output power rapidly drops below p. For (t
4 

— t
3

) ) .~t0, out—

pit power approaches 
~cw but pulse amplitude stability deteriorates.

Assume that the PRY is fixed and that initially (t4 
— t

3
) is adjusted

small enough that no laser pulses are emitted. As (t 4 
— t

3
) is slowly in—

creased, a condition is reached where pulsed oscillations can be supported in

the lowest order TE2’1
00 

mode.* At this point pulse amplitude stability is

* 
The T~2’~00 

is the first to oscillate not only because of its lower loss but
also because gain is maxirrrum in the center of the laser rod.
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excellent but average power output is considerably below 
~cw~ 

A further in-

crease in (t
4 

— t3 ) progressively permits additional lower order modes to

oscillate, but the optimum condition for TEM(~Q oscillations no longer exists

and a certain degree of pulse amplitude instability ensues. As the number of

oscillating modes increases, average output power and pulse instability simul-

taneously increase. A final operating point is reached , such as in Figure 17,

by setting a maximum permissible amplitude fluctuation. For a given amplitude

stability, the maximum power output, p0, is primarily dependent on the spatial

variation in pimping rate and the degree of TEM
n 

Mode coupling; the greater S

the degree of mode coupling the larger the value of p
0
.

As (t
4 

— t
3
) increases above ~t0, higher order modes toward the

periphery of the rod begin to oscillate but the critical conditions of sustain—

ing reasonably stable lower order mode oscillations are destroyed. Conse—

quently, pulse stability deteriorates. If (t
4 

— t
3

) is too small for a parti-

cular mode, no lasing energy can be extracted from that mode. If, on the

other hand, (t
4 

— t
3
) is greater than ~~~ pulse amplitude will vary con— S

siderably for each interpulse period, but essentially all energy stored in

inversion for a particular mode will be extracted as laser energy as long as

the iriterpulse period is short compared to the fluorescent decay time con—

stant. In light of this behavior, increasing (t4 
— t

3
) beyond ~t0 

produces

a power output which approaches 
~cw’
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3. PUlSE PUMPED OPERATION

a. Power Supply Considerations

Design of the Cavity Dump-.FrM laser power Supply included the provision

for pulsed pimp operation. This mode utilizes the same D.C. arc lamp employed

for CW pumping; pump PRF was 10 Hz with a 25% duty cycle (pimp excitation

period = 25 milliseconds). To maintain stable pulsed laser operation during

the 25 millisecond pump period , it is necessary to provide a constant pimp

lamp output. Initially, the lamp parameters germane to satisfying this re-

quirement were largely unimown and a study was undertaken to fully define the

problem areas. As a result of this  stud y , a techni que for  lamp pulsing was de—

veloped which provides a reasonabl y constant pump powe r during the pump b urs t as

well as a 4000 wa tt * peak powe r capabili ty. A bloc k diagram of the final

power suppl y is shown in Fig ure 22.

Fi gure 23 illustrates the measured volt—ampere characteristi cs of the

Kry p ton arc lamp. After initial lamp start—up, lamp igni tion is maintained be-

tween high power bursts by emp loy ing a simmer cu rren t of appr oxima te~ v 0.5 ampere

(lamp vol tage 100 volts). Switching to the high power state is initiated b y

app lying a high current pulse (approximatel y 10 ampe res) to the lamp in order to

es tablish an intermediate operating point above the knee •~f the curve in Figure 2 L

Observation of lamp current and output ligh t intensit y durin g switching

t ransien t s st rong ly Indicated that these two paramet e rs tr a ck va t -h o ther  q u i t e

c l o s e l y .  Consequent I v , ~h tain in g a constant pump intensi ty during the high powe r

burst resolve d I t s e l f  into the problem of m a i n t a i n i n g  a squ a re lamp current pulse

in the fa ce of i lamp impedance w h i c h  e s s e n t i a l l y  varies  f r e m 201) ohms dur ing  the

I n terpu lse  simme r period to t y p i c a l l y 1 . 9  ohms when lamp output power i s  a ma ximum.

* 4000 wat t  peak pump power to ma in ta in  a 25 wa t t  average la se r  pcwt r output

with  10 Hz , 25% duty cyc le  operat ion .

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Once above the knee in Figure 23 , increased pump intensity is initiated

by applying an elevated voltage pulse of approximately 180 volts peak ac ross

the lamp electrodes. This voltage rapidly decays in one millisecond to a

lower voltage of 90 to 100 volts at which point the load is picked up by the

primary high current supply. Voltage decay is tailored to provide a rea~orci:1 y

smooth transition from initial current rise to a steady state current condition.

Even af ter  the primary supply picks up the load , a siowly decreasing lamp vol-

tage is required to maintain a constant lamp current . ~~~~~ t h high ~‘u w t r

period , the lamp volt—ampere characteristics :u r rua c~ t t iu ~~ ~‘1;!~ in Figu re

however , 25 m i l l i s e c o n d s  iIpje ,ir s to by rn inst i l t i c  ient t ins f o r  f u l l  p l . i sma

arc stability t o be est abii~hcd . Light OUt P u t  W~~Vt i O r ~ , - : i -  tb final ~ow ci 5

u : ;  desi~ r~ are illustrated in Figu re ~ -

Ril~ed Laser Operation

ia:cr :u 1:~ characteristics during the pump burst period 3r :;~~:it

tIc - .;u:r: a: discu:sed in Section 2. If the modulator duty cyc L i: aJ , i u :

t i mi;: pulse amp litude stability (approximately + ~~~ Wh ~~~ t i  LL’ r L -

oper~t~~i C~ at an average input pow r of p0 , switching to the pui i:

mode , wht r th~ input ow r during the burst Ic ; , :il :c. rutl:i c-t s i t .  t t~ ~1 • -

pulse .;L : ib i [I t ~ .

~\ L l ( 1 W  aver :i~~t pow ’r t v 1  ; - ~ L:i ;t r t h e  i : c ~ wcs t~~u n :  to I~ -

l~~:it. w h t ~ S J 1  t C t ~ i !It ~ b t w ’ r A th~ C~ and ~tu1 ct r~imited mo de:; if a C~ h : u t  s

p0 
~~~~~~~~~~~~~~~~~ an ;iv r:,~~- i c r  output p~~W r  r~ , . w i t c i r i n 1 ’. t :~u 1  ~:~~r - ,t :.,

S S t t t  ill: it. s ) 5  - ‘ S r  t - t l’~/~
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peak laser powers (p,1) of 4.6 and 10 watts respectively. A maximum peak laser

power of 22 watts at 100 KHz was recorded for pulse pumped operation during

system tests.

A fundamental difference between CW and pulse pumped laser operation

concerns the temporal buildup of the Q.-switched pulse train during each pump

period. We assume a delay, ~t, between the time the arc lamp is excited to its

high power state and the first time the E/O modulator is switched from its low

Q to high Q state (t 0 in Figure 1). As stated in Section II.l.b, pulse—to—

pulse amplitude stability is a maximum when the inversion at the beginning of

each pulse formative time (t = 0 and t = t
4 

in Figure i) is identically repro-

duced at a given PRF. For our present discussion, we assume this value of
S inversion to be N

0

At the beginning of the pump period, inversion builds in time according

to the relationship

N = iKP [l_e _t4] (i~~)

when N is the inversion, u s the fluorescent decay time constant, K is a pump

efficiency constant, and P is the pump power during the pump period (here

assumed to be constant). In the absence of modulation, N continues to build

toward a m--ximum value of TKP (t—4 00). A critical value of time, t =

exists when N = N0 
such that the conditions for producing a coast.ant amplitude

laser pulse train are satisfied for the very first pulse. For .~t less than

this critical value, pulse amplitude builds up on successive pulses until

constant amplitude requirements are satisfied. Conversiy, when 
~t>~

tc the

first ~-switched pulse exhibits an amplitude greater than the stable pulse
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train amplitude with the result that inversion for the next pulse is less

than N
0
. After this first pulse, pulse amplitude builds in a way eq~iivalent

to the initial condition discussed above where

Figure 24 illustrates a typical buildup in pulse train amplitude as

recorded for the Cavity ump.-PTM laser; PRF was 100 KHz, average power out-

put was 1 watt. The value of .~t was adjusted such that no initial high energy

pulse occurred and accounts for the fact that pulse train buildup closely

follows temporal variations in the pump intensity. Pulse amplitude buildup

time could be considerably reduced over that shown in Figure 24 by increasing

the value of ~t to approximately 5 milliseconds. In this case, however , the

pulse train is preceeded by an extremely intense single pulse; overall effi—

ciency would also be reduced via increased fluorescent losses.
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SECTION IV

CONCLUSIONS AND REC0M~~NDATI0NS

During contract F33615—74—C-lOll , three major areas were investigated

with regard to obtaining high PR.F/high average power operation from a solid

state YAG:Nd laser:

1. ApplicatIon of high speed Electro—optic modulation

techniques to a low gain CW pumped laser device.

2. Temporal modulation format required to obtain stable

pulsed operation at PRF ’ s between the classically

accepted VI’M and CD frequency limits.

3. Pulsed operation of a DC Krypton arc la:::~• -it 10 ilz

with a 25% duty cycle.
S 

Electro—optic modulation of the laser output is provido I by tb’ C - rn~

bination of a double crystal t ransve”c~ field polarization modulator and a

calcite polarization separator. These elo ; :t nt s permit e f f ic ien t  1;i:t r

operation in the presence of high levels of laser rod birefringerice. U si ’  of

the double crystal Pockels cell design provides the advantage of a relatively

low quarter wave voltage (— ‘ 1700 volts) as well as a high speed switching cc;vi—

bility. The calcite polarization separator permits construction of a linear

laser resonator which employs only two resonant reflectors and cnn  polariza-

tion modulator.

Transmission of the calcit e polarization separator w as t o w i l to be

excellent at 1.06 micrometers. Inser t ion loss m a cu r meni t : :  u c ij i~’ fb i ’  l o c k ’ I ;

11
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cell modulator, however, indicated loss levels sufficiently high to produce

a serious reduction in laser output power. The exact mechanism responsible

for this loss is un1a’~own at the present time but appears to be associated

with absorption of 1.06 micrometer radiation in the KD*P modulator crystals

and subsequent induced thenno—optic distortion in the optical path of the

laser beam. This factor alone limited the maximum modulated output power ob-

tained during this contract to 10 wrtts. echniques to reduce optical losses

associated with the E/O modulator should be inv~stigated further. Improve-

ments in this area will directly lead to a substantially increased modulated

output power capability.

The validity of “Extended” PI’M modulation, as discussed in Section

II.a, has been substantiated during this contract. Laser modulation over the

100 KHz to 1 MHz range utilized this technique exclusively. At modulated out-

put levels up to several watts, the ratio of modulated to unmodulated ave rage

power output was approximately .85; this value is reasonably consistent with

that predicted by computational analysis. As output power increases this

ratio tends to dec rease, probably as a result of decreased TEMnm mode stability.

Measurements of average modulated laser output power were obtained for

a ±1c~ 
pulse amplitude fluctuation. As discussed in the text, pulse amplitude

stability can be traded off against average output power at a given PRF. With-

in the ÷10% stability limit, we obtained a maximum modulated output power of

approximately 10 watts. In addition, average power output was found to be

independent of PRF over the 100 KHz to 1 MHz range. Individual pulsewidths,

as measured at the half intensity points, were on the order of 40 nanoseconds.

52



Since “Extended” PTM modulation has been found capable of providing

efficient and stable pulsed operation, it should be relatively simple to pro-.

vide a greatly increased PRF capability for the Cavity Dump.-PrM laser. This

increased range is accomplished by modifying the present modulator driver

bandwidth. No changes in resonator geometry or temporal modulation format

would be required. Below 100 KHz FI’M modulation is applicable, beyond 1 MHz

Cavity Dump (CD) techniques would be employed.

The Cavity Dwnp—PTM laser incorporates an arc lamp power supply which

is switchable between DC and 10 Hz/25 percent duty cycle operation. In the

DC mode, maximum input power to the lamp is 3000 watts. During the 25 milli-

second pump burst, average lamp input powers on the order of 4000 watts have

been achieved without damage to the lamp. Lamp life is maximized in the pulse

mode by employing a sustaining or “simmer” current to maintain lamp excitation

between high power bursts.

At a fixed input power level, switching the system between DC and pulse

pumped modes produces a pump power during the burst equal to the DC power. CW

or modulated laser efficiency as well as modulated laser pulse stability is

essentially the same for DC and pulse pumped operation. In the pulsed pump

mode, initiation transients associated with the formation of the laser pulse

train can be controlled by varying the time delay between the initiation of

the high power pump burst and the first Q—switched pulse of the sequence.
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